Introduction
Anorexia nervosa (AN) is a life-threatening eating disorder that usually begins in adolescence in females and is characterized by an intense fear of weight gain, despite severe emaciation, and a perpetual drive for thinness, typically by self-starvation. To elucidate the underlying neurobiology, researchers have long searched for clues in brain structure (1, 2) . In acute AN (acAN), reduction of brain mass is often readily visible in individual patients' brain scans and several structural magnetic resonance imaging (sMRI) studies have documented decreases in both gray-and white matter volume (3, 4, 5, 6, 7, 8, 9,10,11). However, recent studies using voxel-based morphometry (VBM) have emphasized regionally-specific differences (3, 7, 8, 9, 13, 14), including volume increases (15, 16,17) and their possible link to AN-specific clinical characteristics (18, 19, 20, 21) . Furthermore, while a number of studies have shown differences in acAN to normalize in weight-recovered AN patients (recAN; 7, 22, 23, 24), others have reported persistence of structural alterations (11, 12, 13, 25). Thus, important questions remain regarding 1) the regional specificity of structural brain anomalies in AN and 2) whether they merely reflect state-related consequences of malnourishment or constitute disorder-defining traits (26, 27) .
Several factors may contribute to the lack of consistency in the sMRI literature on AN. First, study samples have generally been small (n < 20) and heterogeneous, sometimes also including individuals with bulimia nervosa. Also, group inclusion criteria have not been uniformly defined according to diagnostic standards across studies and definitions of "weight recovered" have varied. More critically, some studies have included patients receiving psychoactive medications which may have a considerable effect on brain morphometry (28) . Particularly relevant for the current study, the results of VBM methods can be highly dependent on registration strategies and normalization templates (29, 30) . In attempt to gain new insight, the current study employed an alternative approach for the first time in AN, surface-based morphometry (SBM), to measure cortical thickness (CT) in a comparatively large and medication-free sample of young acAN and recAN patients.
Whereas VBM provides generic measures of brain volume inferred indirectly from matter density, SBM utilizes geometric models of the cortical surface to partition its constituent surface area and CT components, which are thought to constitute genetically independent properties (31, 32, 33) . Surface-based analysis, especially in the case of CT, has therefore been proposed to constitute a more biologically-informative measure with particular sensitivity to structural changes both in health (34, 35) and disease (36, 37, 38, 39, 40) . CT has the added advantage of being a direct measure of gray matter expressed in mm.
Here we use a well-validated, automated surface-based procedure to estimate CT (FreeSurfer; 41, 42, 43, 44 ) in adolescent and young acAN and recAN women and test for group differences relative to age-matched healthy controls (HC). We conducted both vertex-wise analyses of the entire cortical surface and confirmatory region of interest (ROI) comparisons based on the Desikan-Killiany atlas (45) . Additionally, we exploited FreeSurfer's subcortical processing stream (46, 47) to explore whether group differences and similarities were also evident in the volumes of select gray matter ROIs.
Methods

Participants
The current sample consisted of 143 female volunteers: 40 
Statistical Analyses
Two independent comparisons of age-matched groups were conducted: 1) acAN vs. HC (n = 40 in each group) and 2) recAN vs. HC (n = 34 in each group). Patients were individually age-matched to HCs by means of an automated search algorithm for optimal pairs (55) resulting in a maximum difference of 1 year between individual within each pair. This procedure resulted in 9 HCs being included as control subjects for comparisons with both the acAN and recAN groups. The data of 4 HCs for whom no optimal age-match was found or who did not fulfill inclusion criteria were excluded from further analysis.
Vertex-wise cortex-wide analyses of CT were executed with FreeSurfer. To this end, CT data were first mapped to an average template coordinate system using surface-based registration methods and smoothed using a Gaussian kernel with a fullwidth-at-half-maximum (FWHM) of 10 mm. In order to generate statistical difference maps, we computed general linear models (GLM) focusing on group differences in CT in two separate analyses (both including age as covariate): 1) acAN vs. HC and 2) recAN vs. HC (separately for each hemisphere). The results of these independent tests of agematched groups were verified against results of an ANCOVA (including age as covariate) with a three-level group factor (acAN, recAN, HC; more details in Supplement 1). We followed-up on group differences revealed by the acAN vs. HC comparison by fitting two additional GLMs incorporating z-standardized 1) age-adjusted BMI standard deviation scores [BMI-SDS; calculated according to Cole (56) and German population reference data (57,58)] and 2) "drive for thinness" values (as gauged by the EDI-2 subscale) as main predictor variables. Based on significant results in the latter analysis,
we conducted an analog analysis in the recAN group. For the purpose of these analyses, missing "drive for thinness" values for 2 participants were substituted with group mean values (i.e. z = 0). Additional exploratory analyses of age effects and duration of recovery in recAN are described in Supplement 1. All vertex-wise CT results
were corrected for multiple comparisons using a Monte-Carlo simulation (10,000
repetitions) with an initial vertex-wise threshold of p < .05 to test the likelihood of a spatially contiguous area of association (cluster) occurring by chance (cluster-wise probability; CWP).
To validate the findings of the vertex-wise analyses, we extracted averaged CT measurements for each subject from each of the 34 labels of the Desikan-Killiany cortical atlas (45) Similarly, we explored group differences in subcortical volume by averaging the mean volume of each of the 8 ROIs in each hemisphere and subjecting the resulting values to MANCOVAs covarying for age and total intracranial volume (ICV). Given the number of anatomical regions considered in these analyses and the label-wise analyses of CT described above, reported probability values were Bonferroni-adjusted for multiple comparisons.
Results
Demographic and clinical characteristics are summarized in Table 1 . Neither the acAN patients nor the recAN participants differed in age or IQ relative to their HC counterparts. In line with group inclusion criteria, BMI was significantly lower in the acAN group relative to the corresponding HCs, but in normal range in the recAN group and did not differ from that of HCs. Overall, despite weight normalization and generally improved psychopathology in the recAN group (as gauged by the global severity index of the SCL-90R), former patients showed some residual eating disorder specific-and affective symptoms (as assessed by EDI-2 and BDI-II, respectively).
Global cortical thinning in acute anorexia nervosa is normalized following long-term weight restoration
A vertex-wise search for differences in CT between the acAN and HC groups revealed widespread thinning in the acute patients ( Figure 1; Supplementary Figure S1 ).
Gray matter thickness was reduced in acAN in a total of 86% of the cortical surface (91% in the left hemisphere, 82% in the right hemisphere) with only two regions (based on the Desikan-Killiany atlas; 45) showing no group differences: the bilateral temporal pole and entorhinal cortex. These results were confirmed by label-wise analysis of the CT data (Supplementary Table S1 ) and were not mediated by comorbidity (Supplement 1).
Demonstrating the reversibility of cortical thinning following weight normalization, an analog vertex-wise analysis of CT measured in the recAN and HC groups revealed no regional differences (CWP < .05). Label-wise analysis of the CT data from the recAN vs. matched HC sample confirmed the lack of any group differences in 33 out of 34 regions (Supplementary Table S1 ).
Interestingly, however, exploratory analyses of age-related effects suggested that the normal neurodevelopmental trajectory of CT across adolescence and young adulthood is interrupted in AN (Supplementary Figure S2) . Specifically, while expected patterns of cortical thinning as a function of increasing age (35, 59, 60, 61) were readily observable in HCs, they were absent in AN patients.
"Drive for thinness" in acute anorexia nervosa correlates with cortical thinning in lateral occipitotemporal cortex
Given the striking reduction of CT in acAN, we asked whether the degree of thinning might be explained either by the degree of bodily emaciation or AN-specific psychopathology. To this end, we conducted additional vertex-wise analyses to explore potential relationships between CT and individual levels of 1) BMI-SDS and 2) "drive for thinness" in the acAN patients (Methods). We found no relationships with BMI-SDS, suggesting that cortical thinning in acAN might not be strongly dependent on the severity of weight loss. However, strong negative correlations between CT and individual levels of "drive for thinness" emerged in two adjacent regions of right lateral occipitotemporal cortex ( Figure 2 ) implicated in a range of higher-level visual functions (62) including representation of the body (63, 64) . Nonetheless, this relationship is not likely to reflect a biological trait marker in AN, because a follow-up vertex-wise analysis in the recAN group revealed no such correlation.
Substantial subcortical volume reduction in acute anorexia nervosa normalizes with long-term weight restoration
Finally, we explored whether group differences were also expressed in measurements of volume in select subcortical gray matter ROIs (Methods). Volume was notably reduced in acAN patients relative to HCs in the nucleus accumbens, amygdala, cerebellum, hippocampus, putamen, and thalamus ( Figure 3 ; Supplementary Table S2 ).
Normal volume in acAN was observed only in the caudate and pallidum. In contrast, similar to the pattern of normalization revealed in the CT estimations, volume was no longer clearly reduced in recAN in the accumbens, amygdala, hippocampus or putamen (Supplementary Table S2 ).
Discussion
In this first study to investigate CT in AN, we found widespread thinning of the cortical surface in adolescent and young women in acute illness (acAN) relative to agematched HC participants. Using identical analysis procedures, no differences were detected in former patients (recAN) relative to HCs -that is, CT normalized following long-term weight rehabilitation. This pattern of globally reduced CT in acAN and normalization in recAN was independent of psychiatric comorbidity and largely mirrored subcortical gray matter volume. However, suggesting that normalization of CT might not be entirely complete, we found evidence that normal neurodevelopmental patterns of cortical thinning across adolescence into young adulthood (35, 59, 60, 61) are disrupted in AN. Together, these findings acquired in comparatively large and medication-free samples deliver novel support for the notion that morphological brain alterations in AN are primarily a consequence of malnutrition associated with self-starvation and challenge the idea that they constitute premorbid trait markers or permanent scars.
Critically, however, the relative normalization observed here in CT and subcortical volume should not be taken to imply that other aspects of brain structure, including grey matter density and white matter volume, are necessarily left unscathed by the illness.
Recent qualitative (21) and quantitative reviews of structural neuroimaging in AN (76) relative to other forms of severe emaciation (77) . Given the macroscopic nature of the CT and volumetric measures employed here, detailed discussion of potential microstructural underpinnings of our observations is difficult. Nonetheless, it is tempting to speculate that AN could result in changes in the size of neurons, glia or in metabolic processes (19). Indeed, neurohistological evidence exists suggestive of AN-related alterations in dendritic spine morphology and density (78, 79) and a recent MR spectroscopy study found increased concentrations of potentially excitotoxic metabolites (glutamate) selectively in gray matter (80) .
Insight into the mechanisms underlying the brain structure alterations observed here might be gained by considering the few regions that were left unaffected (entorhinal cortex/temporal pole, pallidum, caudate). Given that the entorhinal cortex and temporal pole are among the thickest regions of the cortical surface (47), one might speculate that they are protected from the otherwise unspecific pseudoatrophy in acAN. Based on the finding that IQ is often elevated in AN (62) and IQ correlates with CT (81, 82) , an alternative hypothesis might be that these regions are relatively thick in premorbid AN.
Given the known role of the striatum as a central node in the brain reward system (83, 84) While both methods certainly have their advantages, we are confident that our results of regionally unspecific group differences obtained in a large, rigorously matched and unmedicated sample using are robust.
A number of previous sMRI studies have investigated relationships between regional structural anomalies in AN and clinical measures such as BMI (3,13), illness duration (3), and "drive for thinness" in recAN (9), but findings have also been inconsistent (18,19). Although we found no evidence that cortical thinning or subcortical volume reduction in acAN was related to the degree of bodily emaciation (as gauged by age-corrected BMI), we did uncover a relationship between CT and "drive for thinness" in a broad region of the right lateral occipitotemporal cortex. The significance of this correlation is highlighted by the overlap with regions specialized in visual processing of human bodies, the so-called extrastriate and fusiform body areas (EBA and FBA, respectively; 59,60), and the extreme body image distortion in acAN (88) . Furthermore, EBA volume has been reported to be particularly reduced in acAN (14) and to show impaired functional connectivity with the FBA (89) . Based on these convergent findings, we speculate that structural (and functional) anomalies in body-selective regions of visual cortex may contribute to the maintenance of body image distortion in AN. Caution should be used in interpreting this correlation as a causal relationship, however, as exemplified by the fact that it was not evident in recAN in the current study, despite significant residual "drive for thinness".
In sum, our findings of cortical thinning and decreased subcortical volume in acAN and relative normalization in recAN bring needed clarity to the sMRI literature on AN. We speculate that these alterations are largely state-dependent and unlikely to reflect underlying biological trait markers of the disorder. The magnitude of some regional anomalies such as those observed here in lateral occipitotemporal cortex and previous studies (14) may contribute to the maintenance of AN-related psychopathology.
By carefully building age-matched AN-HC cohorts and covarying for age, we established that these main findings were independent of potentially confounding age-related processes. By specifically exploring age-related effects, we uncovered evidence that AN might disrupt the normal developmental trajectory of CT (59, 60, 61) . Thus, while CT normalizes following long-term weight restoration in AN as gauged by average values, longitudinal observation is needed to conclusively determine whether normalization is truly complete. It should also be emphasized that although our findings send an overall positive message to patients and clinicians alike, the employed technology may not capture certain brain changes associated with AN that may not be reversible.
Nonetheless, we believe the current results exemplify the potential neuroscience research has in guiding treatment for AN (90) and encourage therapists to integrate our findings of the reversibility of brain tissue "loss" in psychoeducational interventions that foster a proactive sense of agency (91). 
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